Abstract Surgical instrumentation for the correction of adolescent idiopathic scoliosis (AIS) is a complex procedure involving many difficult decisions (i.e. spinal segment to instrument, type/location/number of hooks or screws, rod diameter/ length/shape, implant attachment order, amount of rod rotation, etc.). Recent advances in instrumentation technology have brought a large increase in the number of options. Despite numerous clinical publications, there is still no consensus on the optimal surgical plan for each curve type. The objective of this study was to document and analyse instrumentation configuration and strategy variability. Five females (12-19 years) with AIS and an indication for posterior surgical instrumentation and fusion were selected. Curve patterns were as follows: two right thoracic (Cobb: 34°, 52°), two right thoracic and left lumbar (Cobb T/L: 57°/45°, 72°/70°) and 1 left thoraco-lumbar (Cobb: 64°). The pre-operative standing posteroanterior and lateral radiographs, supine side bending radiographs, a three-dimensional (3D) reconstruction of the spine, pertinent 3D measurements as well as clinical information such as age and gender of each patient were submitted to six experienced independent spinal deformity surgeons, who were asked to provide their preferred surgical planning using a posterior spinal approach. The following data were recorded using the graphical user interface of a spine surgery simulator (6·5 cases): implant types, vertebral level, position and 3D orientation of implants, anterior release levels, rod diameter and shape, attachment sequence, rod rotation (angle, direction), adjustments (screw rotation, contraction/distraction), etc. Overall, the number of implants used ranged from 11 to 26 per patient (average 16; SD ±4). Of these, 45% were mono-axial screws, 31% multi-axial screws and 24% hooks. At one extremity of the spectrum, one surgeon used only mono-axial screws, while at the other, another surgeon used 81% hooks. The selected superior-and inferior-instrumented vertebrae varied up to six and five levels, respectively (STD 1.2 and 1.5). A top-tobottom attachment sequence was selected in 61% of the cases, a bottom-up in 29% and an alternate order in 11%. The rod rotation maneuver of the first rod varied from 0°(no rotation) to 140°, with a median at 90°. In conclusion, a large variability of instrumentation strategy in AIS was documented within a small experienced group of spinal deformity surgeons. The exact cause of this large variability is unclear but warrants further investigation with multicenter outcome studies as well as experimental and computer simulation studies. We hypothesize that Eur Spine J (2007) 16: 57-64 
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Introduction
Spinal instrumentation and fusion is the recommended treatment for severe or progressive scoliotic deformities. The treatment of adolescent idiopathic scoliosis (AIS) with instrumentation became popular in the early 1960's with the introduction of the Harrington instrumentation [15] . With this system, hooks attached to posterior elements of the upper and lower end vertebrae apply distraction forces to the concave side of the spinal curve using a ratchet mechanism. Rules for the selection of instrumentation and fusion levels were proposed and agreed upon by a majority of surgeons. Newer generations of spinal instrumentation systems consist of multiple types of hooks and/or screws attached to bilateral rods. They allow selective and three-dimensional (3D) correction of spinal deformities and strong fixation. Conversely they have brought a large increase in the number of possible options for the correction offered to the surgeon. Preoperative planning is now a complex procedure involving many difficult decisions. The goal of surgery is to obtain a stable, well-balanced spine and is achieved by reducing the magnitude of the deformity and obtaining fusion in order to prevent curve progression. During surgical planning, each surgeon has many factors to take into consideration: patient characteristics (spinal curve shape, balance, spine flexibility, neurologic status, rib deformities, skeletal maturity and remaining growth potential, etc.), instrumentation parameters (type, location and number of hooks and/or screws, spinal segments to instrument, diameter, length and shape of the rods, implant attachment order, perioperative instrumentation maneuvers, etc.) and other surgery-related needs (transfusion, bone grafting, spinal cord monitoring and postoperative pain management) [17] .
Despite numerous clinical publications [4, 5, 18, 19, 23, 30, 31, 33, 37, 43] , there is no clear consensus on the preferred instrumentation system to use and even less consensus on the optimal operative plan for each curve type with modern multi-segmental instrumentation systems. Selection of the appropriate fusion levels remains one of the most challenging decisions in scoliosis surgery, and many guidelines have been proposed. A traditional teaching principle dating from the Harrington instrumentation era has been the fusion from T4 to L4 for combined thoracic and lumbar curves. Ferguson [10] suggested that the ideal fusion should extend to the vertebrae that have their distant surfaces parallel to each other. Moe [28] and Goldstein [11, 12] suggested fusing from the neutrally rotated vertebra above to the neutrally rotated vertebra below, the neutral vertebra being determined by the criteria established by Nash and Moe [29] . Harrington [16] proposed that the lower end of the fusion should lie in the ''stable zone'', determined by two vertical lines drawn through the lumbosacral facets. He also recommended fusing one level above and two levels below the Cobb-measured curve. King et al. [18] The classic work of differentiated various curve patterns and recommended fusion to the ''stable vertebra'', which is the inferior vertebra in the thoracic curve that is most closely bisected by the center sacral line. More recently Lenke et al. [24] proposed a comprehensive classification that takes into account regional curve deformations in the coronal and sagittal planes and the structural criteria to guide the extent of spinal arthrodesis and surgical choices.
The choice of the best rod-to-spine fixation devices is still a debated topic. Several studies have demonstrated better curve correction and shorter fusion length using pedicle screws rather than hooks in lumbar curves [3, 13, 14, 25] and more recently in thoracic curves [25, 41, 40, 39] , while other studies question the benefits of pedicle screw fixation in thoracic curves [27, 32] . Chen and Yen [7] documented a correction rate of 67% and a loss at final follow-up of 7.8% after surgery using only hooks in 80 AIS patients who had King II and III curve patterns. A correction rate of 56% with 6.6% loss for thoracic curves, and 66.7% with 6.7% loss for lumbar curve has been reported with an hybrid technique, that uses both hooks and screws for fixation, in 61 AIS patients with King II and III curve patterns. A correction rate of 77% was achieved with an all-screw method [6] .
All these studies, however, are based on cases series which are difficult to compare. For obvious reasons it is not possible to compare the result of different instrumentation configurations on the same individual patient, so the results of these studies are influenced by the variability of patients' characteristics within each cohort this variability may be attributed to different objectives for correction, to surgeon's personal preferences based on their previous experience, to the known inter-observer variability of current classification systems and to the current lack of clearly defined strategies or rational rules based on the validated biomechanical studies with modern multi-segmental instrumentation systems.
Keywords Scoliosis AE Surgical instrumentation AE Pre-operative planning AE Spine as well as by the strategy adopted by the participating surgeons. To our knowledge, the variability of instrumentation strategy within a group of surgeons for the same subjects with AIS, has not been documented and remains unknown. It is assumed that faced with the same subject and using the same clinical and radiological information as well as the same instrumentation system, experienced spine surgeons should in general agree on the optimal surgical plan. The purpose of this study was specifically to document and analyze instrumentation configuration and strategy variability that exist between surgeons for the same subjects, in order to answer the following question: when confronted to the same patient, do spinal deformity surgeons have the same strategy and plan?
Material and methods
Five females (12-19 years) with AIS and an indication for posterior surgical instrumentation and fusion were selected. Curve patterns were as follows: two right thoracic (Cobb: 34°, 52°), two right thoracic and left lumbar (Cobb thoracic/lumbar: 57°/45°, 72°/70°) and one left thoraco-lumbar (Cobb: 64°). These cases were selected in order to represent common deformities seen in AIS, as can be seen on their coronal radiographs shown in Fig. 1 .
Six spinal deformity surgeons of the Scoliosis Research Society with a well established experience in spinal surgery agreed to participate in the study. They were coming from different hospitals in North America and at different stages of career. They were provided with the following information on each of the five patients: age, gender, preoperative standing postero-anterior and lateral radiographs, supine side bending radiographs and Cobb angles measurements of each curve ( Fig. 1 and Table 1 ).
For each case, a 3D reconstruction of the spine shape was also provided. It was obtained from a multiplanar radiographic technique, which has been detailed in previous publications [1, 9] . For the current study, all 3D reconstructions were performed with calibrated posteroanterior and lateral radiographs. A detailed geometric model [1, 9] of vertebrae was added to the reconstructions to allow easier visual interpretation. The spine could be visualized in any desired projection on a microcomputer. From the 3D reconstructed spine the following additional indices were computed and provided to the surgeons: Cobb angle in the plane of maximum curvature and the orientation of this plane, and axial orientation of the apical vertebra measured by the Stokes method [38] .
Each surgeon was asked to detail his preferred surgical planning for each case using a posterior instrumentation system familiar to all these surgeons (CD Horizon, Medtronic Sofamor-Danek, Memphis, TN, USA). The following data was recorded using the graphical user interface of a dedicated in-house software (six surgeons · five cases):
• Implant types: hooks (pedicular, laminar, transverse process), mono-and/or multi-axial screws • Vertebral level, position and 3D orientation of all implants • Number of rods, diameter and shape of each rod • Attachment sequence of each rod to the selected implants • Rod rotation (angle, direction) • Adjustments (screw rotation, compression/distraction) • They were also allowed to give any other comments or additional maneuvre (i.e. anterior release levels, etc.), which were saved by the software.The variability of the parameters of surgical planning mentioned above, among the observations within the sample of 6·5 cases was analyzed first with standard descriptive statistics average, range and standard deviation (SD). Differences in the number of implants used for the left and right or concave and convex sides of the spine as well as the implant type (hooks, hybrid, all-screw groups) were assessed with two-sided Student t-tests for independent samples. The level of significance was set at 0.05.
Results
The pertinent results are summarized in Figs. 2, 3 and 4. Overall, the number of instrumented spinal segments varied significantly from 7 to 15 vertebrae, with an average and a standard deviation of 11.5±2.0 vertebrae. On a patient basis, no individual case was planned to be instrumented at the same levels by all surgeons, and in only one case (patient #1) there was complete agreement between surgeons for the selection of the lowest vertebra to instrument. The range of variation of the selected highest and lowest instrumented vertebrae was respectively six and five levels (SD: 1.2 and 1.5 level) (Fig. 2) . The highest instrumented vertebra was selected at the same level only in 4% of all cases (superior limit of the main thoracic curve). It was one, two, three and four levels above respectively in 25%, 25%, 25% and 21% of the cases. The lowest instrumented vertebra was determined at the same level in 21% of all cases (inferior limit of the main thoracic curve). It was one and two levels above respectively in 14% and 4% of the cases and one, two, three and four levels below respectively in 14%, 32%, 4% and 11% of the cases. For example, for case #4 one surgeon proposed to instrument only the main thoracic curve, while one surgeon included the proximal thoracic curve, two surgeons included the lumbar curve while the remaining two surgeons chose to instrument all three curves (Fig. 3) .
The number and type of implants selected also varied significantly among surgeons and ranged from 11 to 26 per case with an average of 16 and a SD of four implants. On a specific patient basis, for the main scoliotic curve the number of implants installed on the convex side was significantly smaller (P = 0.0094) than on the concave side. The apical vertebra of the main scoliotic curve was instrumented on both sides in 43% of the cases, while it was instrumented on one side in 42% of the cases (equal number on either side). Forty five percent of selected implants were monoaxial screws, 31% multi-axial screws, and 24% hooks (Fig. 4) . At one end of the spectrum, one surgeon (#4) used only mono-axial screws, while at the other end another surgeon (#1) used mostly hooks, the remaining surgeons using a mix of screws and hooks (Fig. 4) . At Total Fig. 4 Types of implants selected by the six surgeons the apical vertebra a pedicle hook was used in 18% and 13% of the cases respectively on its convex and concave sides; a mono-axial screw in 37% and 43% of the cases respectively on its convex and concave sides; and a multi-axial screw in 10% and 7% of the cases respectively on its convex and concave sides. A strategy using only hooks for correction was selected by one surgeon for two of the cases submitted (7%), while a hybrid or only-screw strategy were each used in 46% of the cases. There was no statistical difference between the two latter groups concerning the number of instrumented vertebrae (P=0.8502) or the number of implants used (P=0.0835).
The attachment order of the implants to the first rod also differed significantly. The top-to-bottom attachment was selected in 61% of the cases, the bottom-up attachment in 29% of the cases, while an alternate order was chosen for the remaining 11% of cases. The rotation maneuver of first rod also varied significantly (according to a non-Gaussian distribution) from 0°(no rotation) to 140°with a median at 90°. All instrumentation was made using two rods.
Discussion and conclusion
To our knowledge, this is the first attempt to document and compare pre-operative planning for the same subjects within a group of surgeons. This study has documented a large variability between experienced spinal deformity surgeons in their pre-operative planning and instrumentation strategies for common cases of AIS requiring instrumentation and fusion using a posterior approach. The lack of agreement appears particularly important for the selection of the proper vertebral levels to instrument and fuse. A careful analysis of Fig. 2 and of the wide range of levels selected strongly suggests that this variability can be attributed to disagreement as to which spinal curve, i.e. high thoracic, main thoracic or lumbar, needs to be instrumented and included in the fusion. In other words, surgeons do not agree on which curves are structural and therefore need to be included in the fusion. This is reflected by current controversies in the literature regarding the definition of a structural upper thoracic [20, 21, 42, 44] or lumbar curve [19, 21, 34, 36] . We suspect that part of the disagreement can also be explained by the well documented inter-observer variability of current surgical classification systems [8, 22, 24, 35] . However, as the surgeons were not asked to report which curve classification they were using and to classify each case with either using the King [18] or Lenke [24] system, it is not possible to confirm the effect of curve classification in the current study.
The number and type of implants selected were also found to be highly inconsistent between surgeons. We believe this finding also reflects current controversies in the literature concerning the optimal choice of implants for correction of AIS, and the evolving role of the use and indications of pedicle screws in this disorder. For many years, hook insertion technique was considered as the standard procedure for treating AIS. Nowadays pedicle screws have gained in popularity, initially for the lumbar segment but now more and more frequently in the thoracic region [41] . Various surgical methods for the correction of scoliotic spines are now available. When planning the surgical treatment for the different types of curves met in AIS, the familiarity of a surgeon with one or more of these instrumentation systems is important.
Between the surgeons that participated in this study there is a large variability regarding the type of implants used. We could identify one surgeon using hooks for the thoracic spine and screws for the lumbar spine and another two surgeons using hooks for the upper part of the curve, including the apex, and screws for the spine below the thoracic apex. As mentioned in the results section, one surgeon used only mono-axial screws and another one used mono-axial screws for the thoracic spine and multi-axial screws for the lumbar spine. The last surgeon used mono-axial screws in the apex region and multiaxial screws or hooks at both extremities of the curve. The surgeon's selection of instrumentation also rely on personal experience, in a way that the surgeon recalls cases of patients seen in his practice and presenting similar characteristics with the present patient and he selects the method that gave good results in the past patients.
Several limitations of this study must be considered. First, the surgeons were in front of a computer, an artificial condition that does not totally correspond to the reality of the operating room, where the surgeon can change his preoperative planning approach because of different patient's characteristics discovered only in the operating theater. Second, the small number of cases and relatively small number of surgeons made the ANOVA difficult and thus the possible detection of multiple factors and their interactions that influence the treatment choice.
However, the most important issue is the correction effect on scoliosis of different surgery strategies proposed. Using computer simulations, like a spine surgery simulator [2] , is the only possibility to find out the surgical outcome of different instrumentation techniques, given the impossibility of practicing the surgery on the same patient for more than one time. In this way, the best spinal instrumentation configuration for a given patient can be chosen and a personalized biomechanical model of the patient's spine could help to minimize the risk of complications.
In conclusion, a large variability of instrumentation strategy in AIS was documented within a small experienced group of spine surgeons, and therefore they do not have the same strategy and plan, when confronted to the same patient. The exact cause of this large variability is unclear, but warrants further investigation with multicentre outcome studies as well as with experimental and computer simulation studies [2] . We hypothesize that the current lack of agreement detected in this study may be explained by different objectives for correction, by personal surgeon's preferences based on their previous experience, by the known inter-observer variability of current classification systems and/or by the current lack of clearly defined strategies or rational rules based of validated biomechanical studies with modern multisegmental instrumentation systems.
